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Revealing the micromechanisms behind 
semi-solid metal deformation with time-resolved 
X-ray tomography 
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The behaviour of granular solid-liquid mixtures is key when deforming a wide range of 
materials from cornstarch slurries to soils, rock and magma flows. Here we demonstrate that 
treating semi-solid alloys as a granular fluid is critical to understanding flow behaviour and 
defect formation during casting. Using synchrotron X-ray tomography, we directly measure 
the discrete grain response during uniaxial compression. We show that the stress-strain 
response at 64-93% solid is due to the shear-induced dilation of discrete rearranging grains. 
This leads to the counter-intuitive result that, in unfed samples, compression can open 
internal pores and draw the free surface into the liquid, resulting in cracking. A soil mechanics 
approach shows that, irrespective of initial solid fraction, the solid packing density moves 
towards a constant value during deformation, consistent with the existence of a critical state 
in mushy alloys analogous to soils. 
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Solidification is the most direct route from liquid to 
engineering component, but difficulties remain in under- 
standing and controlling casting defects. Many of the most 
damaging solidification defects develop once solidification has 
produced a solid network, at which point the permeability begins 
to decrease significantly and shrinkage and contraction strains 
become difficult to 'feed'^'^. Understanding casting defects 
therefore requires a detailed understanding of deformation 
mechanisms at high solid fraction. Current interpretations of 
semi- solid alloys containing a solid network view the 
microstructure as either a continuous welded solid skeleton^, a 
network with partial cohesion"* or a cohesionless assembly of 
contacting grains^. The proposed micromechanisms vary from 
viscoplastic deformation of a porous solid skeleton^'^'^ (similar to 
a liquid- saturated sponge in compression) to the deagglomeration 
of a concentrated flocculated suspension^'^ (similar to dispersed 
clay slurries) or the granular rearrangement of quasi- rigid discrete 
grains with negligible cohesion^' (similar to a saturated 
particulate soil where force is transmitted across contacts 
between grains). Concerning the latter, it might be thought that 
partially solid alloys containing a solid network would not deform 
in this way; for example, metallic grains have a yield strength of 
only up to a few MPa in the solid-liquid two-phase region and 
grain-grain contacts can be cohesive due to the formation of 
solid-solid interfaces (grain boundaries), which would promote 
viscoplastic deformation of a porous solid without grain 
rearrangement. Furthermore, the concept of force transmission 
across a mechanical contact in solidification is complicated by the 
thermodynamics of interfaces in the mushy zone where either a 
solid-solid interface (a grain boundary) or a solid-liquid-solid 
interface (a liquid film) is stable* ^ Most of these interpretations 
of partially solid alloy rheology are based on bulk mechanical data 
coupled with post mortem microstructural analysis, and many of 
the proposed mechanisms have never been directly observed. 
Recently, time- resolved synchrotron radiography of thin samples 
has been applied to examine the flow behaviour of semi-solid 
alloys *^'*^'. Some of these studies have revealed grains 
rearranging as independent bodies and exhibiting shear- induced 
dilation (Reynolds' dilatancy)*^'*^ due to quasi-rigid grains 
pushing and levering each other apart during shear. However, 
these studies shear monolayers of grains that do not contain 
welds and may not reflect the deformation mechanisms of bulk 
three-dimensional (3D) samples. 



Here, to directly identif)^ the 3D grain- scale mechanisms of 
deformation and understand how they relate to the stress-strain 
response and lead to casting defects over a range of solid 
fractions, we have performed time- resolved tomography of 
uniaxial compression in Al-Cu alloys with globular (a-Al) grains 
at 64, 73, 86 and 93% solid. Bulk measurements in the form of 
stress-strain curves indicate the existence of a soil-like critical 
state, which is confirmed by the shear- induced dilation of the 
specimens at the scale of the grains. At high solid fractions, we 
show that this granular behaviour induces the formation of 
casting defects. 

Results 

Undeformed semi-solid microstructures. We begin by quanti- 
fying the initial semi-solid microstructures. In Fig. la, the 
solid appears dark and the liquid bright, with more crowded solid 
packing and more tortuous liquid regions at increasing solid 
fraction. Figure lb shows 3D renderings of separated and filtered 
grains in 2mm^ representative regions and Fig. Ic highlights the 
increase in surface topology with increasing solid fraction. In 
these samples, the mean grain sphericity decreases with increas- 
ing solid fraction, as the grains fill the interstitial space and 
acquire a more complex shape with increased surface area 
(quantified in Supplementary Fig. la and detailed in 
Supplementary Note 1). All specimens have average grain sizes 
within 15% of each other and the four grain populations are well 
approximated as self-similar (quantified in Supplementary Fig. 1), 
which is a consequence of the long-term isothermal semi-solid 
coarsening (for example, ref. 14) used in preparing the samples. 
All four specimens contain 10 ~ ^-10 ~ ^% porosity before loading 
(shown in Supplementary Fig. 2 and detailed in Supplementary 
Note 2). 

Bulk behaviour during in situ deformation. Figure 2a shows 
vertical slices approximately halfway through the specimens at 
three stages during semi- solid uniaxial compression. A striking 
feature in Fig. 2a is that uniaxial compression causes porosity/ 
cracking in the 73, 86 and 93% solid samples, which increases 
with increasing solid fraction and increasing ram displacement. 
We defined porosity as internal or surface connected and tracked 
it during deformation. Figure 2b shows that most porosity is 
surface connected (renderings of the porosity at different strains 
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Figure 1 | Undeformed semi-solid microstructures for nominal solid fractions of 64, 73, 87 and 93%. (a) Cross-sectional (xy) slices (scale bar, 1 mm), 
(b) 3D rendering of the separated grains (scale bar, 500 |im) and (c) typical grains from each specimen illustrating the decreasing sphericity, 
il/, with increasing solid fraction (scale bar, 300 |im). 
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Figure 2 | Uniaxial compression at 64, 73, 87 and 93% solid, (a) Transversal (xz) slices at increasing compressive axial strain (scale bar, 1 mm), 
(b) change in volume of internal voids and surface-connected voids with increasing strain and (c-e) 3D rendering of surface-connected 
meniscus development at 73 and 93% solid, respectively (scale bar, 300 |im). 



can be seen in Supplementary Fig. 3 and Supplementary Note 3). 
Figure 2c-e details the process by which air is drawn-in using 3D 
renderings of surface-connected pores at the sides of the 73 and 
93% solid specimens. At 73% solid, the oxidised liquid surface is 
sucked into the sample both under the ram that is applying 
compressive load (Fig. 2c) and at the radial free surface (Fig. 2d). 
The two separate menisci in Fig. 2c develop directly underneath 
the ram and grow into the liquid during compression. The 
three radial menisci in Fig. 2d are initially pulled into the liquid 
before merging into a large surface-connected pore that propa- 
gates into the liquid between the grains, producing a complex 
pore with multiple radii of curvature. This mechanism is the same 
at 93% solid, but the packing of the solid is such that the pro- 
pagation of a meniscus into the narrow liquid channel appears as 
cracking initiating from the surface (Fig. 2e). The drawing- in 
of menisci indicates that the liquid pressure is decreasing and 



the grains are moving apart. While this behaviour is common 
during tensile deformation and hot tearing^ it is counter 
intuitive during uniaxial compression and is not predicted by 
existing theories'*'^. To clarify the underpinning mechanisms, 
we examined both stress-strain behaviours and discrete grain 
responses to load. 

Figure 3a shows axial true stress- true strain curves where 
in situ imaging has been used to measure the true specimen area 
in contact with the moving ram. The 73, 86 and 93% solid 
samples all exhibit a peak whereas the 64% sample does not (see 
the inset in Fig. 3a), and the peak stress increases with increasing 
solid fraction. The samples that have a peak stress exhibit strain 
softening before a final period of deformation occurs at relatively 
low constant stress (115 ± 17kPa). Following granular mechanics, 
we define the strain with respect to the solid assembly rather than 
the whole material, such that a contractive volumetric strain 
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Figure 3 | Bulk mechanical response at 64, 73, 87 and 93% solid. 

(a) True axial stress-true axial strain with the inset zoonning in on the 
strain range at which all four stress responses reach a similar stress, 

(b) volumetric strain-true axial strain and (c) volume fraction of solid-true 
axial strain. 



occurs if grains move closer together and liquid/gas is expelled 
and a dilatational volumetric strain occurs if grains move apart 
and liquid/gas is drawn into the expanding interstitial spaces^^. 
Here, the sum of the developing surface- connected porosity, 
internal porosity and the liquid phase was defined as the 
'interstitial fluid' and the change in the volume of solid plus 
interstitial fluid was used to calculate the volumetric strain in 
Fig. 3b. When viewed in this way, all specimens undergo a 
volumetric expansion during deformation and the maximum 
volumetric strain increases with increasing solid fraction. 

Since the volume of solid in each sample is near constant 
during isothermal deformation, and the volume of interstitial 
fluid increases during deformation, the solid fraction, defined 
as = 1 — (^aii porosity + decreases during compression. The 
solid fraction is plotted versus axial strain in Fig. 3 c, showing that 



steady states seem to be reached for both the stress and the solid 
fraction. Importantly, the steady-state values of axial stress 
(115 ± 17kPa) and solid fraction (62.4 ± 1.9%) are approximately 
the same for all samples. Note that this trend is only apparent 
when the in s/Yw-measured true specimen contact area in each 
tomogram is used to calculate true stress. Thus, irrespective of the 
initial solid fraction, all samples have moved to a similar steady- 
state combination of solid fraction and axial stress, with the 
lowest solid fraction of 64% solid remaining within the 
62.4 ± 1.9%, which all samples reach during deformation. It is 
important to note, however, that this analysis does not account 
for variation between samples as it is based on one sample at each 
solid fraction, and that the significant porosity complicates the 
stress state and homogeneity. 

Interesting insight can be drawn by comparing Fig. 3 with the 
typical response of a fully saturated particulate soil. In soil 
mechanics, the solid fraction (expressed via the void ratio, e — 
^fluids/ ^solids) Hioves towards a constant value during deforma- 
tion. The soil then continues to deform at constant stress and 
constant void ratio, and is said to be at its 'critical state' The 
similar behaviour between dense soils and the stress -strain 
response shown in Fig. 3 suggests that, with no confining 
pressure, the semi- solid alloys tested here have a critical state of 
62.4 ±1.9% solid (e = 0.602) and 115±17kPa axial stress. 
Consistent with critical state soil mechanics theory, at solid 
fractions higher than 62.4 ±1.9% solid, the grain assembly 
undergoes macroscopic dilation to decrease its overall solid 
fraction and an alloy near the critical state deforms with negligible 
volumetric strain (as seen in Fig. 3). Testing whether semi- solid 
alloys follow other aspects of critical state soil mechanics theory is 
now necessary. For example, at solid fractions lower than 
62.4 ±1.9% solid, and where a solid network still exists, the 
grain assembly is predicted to undergo macroscopic compaction 
to increase its overall solid fraction up to 62.4 ± 1.9% solid, and 
the critical state is predicted to increase with the application of 
confining pressure. 



Discrete grain behaviour during in situ deformation. The 

micromechanisms leading to the macroscopic volumetric strains 
in Fig. 3 were investigated by studying the behaviour of individual 
grains during compression, in a manner similar to the study of 
the kinematics of sand grains imaged during uniaxial compres- 
sion^^'^^. Within the resolution limit of this study, there is no 
statistically significant solidification or remelting of individual 
grains during an experiment (quantified in Supplementary Fig. 4 
and detailed in Supplementary Note 4), and there is no detectable 
shape change of individual grains (quantified in Supplementary 
Fig. 5 and detailed in Supplementary Note 5). Grains can 
therefore be considered quasi-rigid and global deformation occurs 
by the rearrangement of grains, the flow of liquid and the motion 
of menisci. Sub-assemblies of 15 and 16 grains were then 
randomly selected for detailed analysis in 73 and 93% solid 
samples. 3D renderings of the sub -assemblies are shown in 
Fig. 4a,b. Note that these grains were in continuous contact 
during rearrangement and are from regions with no porosity at 
any strain, so that the in-flow or out-flow of liquid compensated 
for any changes in local solid packing. The volume of each local 
15/16 grain assembly was defined by the polyhedron formed by 
the centroids of the grains and the development of polyhedron 
volume was used to calculate the volumetric strain plotted in 
Fig. 4a,b. The volumetric strain increases with increasing axial 
strains in both cases and the grain-level behaviour is shown in 
Fig. 4c,d, where the grains are rendered in grey and the 
polyhedron is coloured based on volume change. Fig. 4d-h 
shows the translation vector magnitude and grain rotation. 
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Figure 4 | Dilation of 15- and 16-grain assemblies in continuous contact at 73 and 93% solid. Position and volunnetric strain of each assembly for 
increasing axial strain at (a) 73% solid (scale bar, 1 mm) and (b) 93% solid (scale bar, 1 mm); 3D rendering of the polyhedron formed by the grain 
centroids at (c) 73% solid (scale bar, 300 |im) and (d) 93% solid (scale bar, 500 |im); Euler distance travelled by each grain per 2% incremental strain 
at (e) 73% solid (scale bar, 300 |im) and (f) 93% solid (scale bar, 500 |im); rotation of each grain per 2% incremental strain at (g) 73% solid 
(scale bar, 300 |im) and (h) 93% solid (scale bar, 500 |im); and internal porosity response at (i) 73% solid (scale bar, 100 jim) and (j) 93% solid 
(scale bar, 100 |im). 



respectively, and indicates that each grain is displacing 
independently, since neighbouring grains coloured identically at 
one increment often have different colour in the next and 
neighbouring grains travelling identical magnitudes often 
undergo a different rotation. From Fig. 4c-h it can be inferred 
that shear-induced dilation is due to quasi-rigid grains pushing 
each other apart as they translate/rotate independently under 
load, both at 73 and 93% solid. The dilatational volumetric strain 
and the resulting drawing- in of menisci are then emergent 
phenomena simply caused by the rearrangement of initially 
tightly packed quasi- rigid grains, and would not be expected if 
strain was only accommodated by viscoplastic deformation of the 
solid phase. The shear-induced dilation of grains/ crystallites is 
also the origin of dilatant shear banding both in semi- solid alloys^ 



and in other systems such as soils^^'^^'^^, rock^^'^"*, magma^^ and 
cornstarch slurries^^"^^. 



Defect formation at high solid fraction. At 93% solid, this shear- 
induced dilation causes not only surface cracking but also the 
significant opening of pre-existing internal porosity. Figure 5i,j 
shows 3D renderings of pre-existing gas-filled pores in their grain 
neighbourhoods. In contrast to the pore at 73% solid, whose 
volume change can be considered insignificant since it is at the 
limit of our resolution (detailed in Supplementary Fig. 6 and 
Supplementary Note 6), the pore at 93% solid opens under 
compressive strain with a volume increase of ~622% as grains 
are pushed apart. Other pores shown in Supplementary Fig. 7 also 
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Figure 5 | Discrete grain response of the whole specimen at 64% (left) and 73% (right) solid, (a) The translation of each grain in the z-direction 
after subtracting the z-component expected of homogeneous compression, (b) the Euler distances travelled by each grain and (c) the rotation 
of each grain. Each rendering is for a 2% incremental axial strain (scale bar, 1 mm). 



grow into the tortuous liquid channels between grains. Thus, 
during unfed compression at 93% solid, the expanding interstitial 
spaces during shear-induced dilation cause the local liquid pres- 
sure to drop and small internal pre-existing pores to grow due to 
the low permeability and lack of feed liquid. This highlights how 
shear-induced dilation can be another origin of defects in 
castings. 

Figure 5 is an extension of the discrete methods in Fig. 4 to the 
specimen scale at 64 and 73% solid, and shows (i) grain 
translations in the normalized z-direction (that is, each measured 
z-translation minus that expected of homogenous uniaxial 
compression), (ii) the Euler distance (scalar translations) and 
(iii) the scalar rotation angle of each grain. The near-uniform 
displacement in Fig. 5a shows that the solid does not develop 
significant inhomogeneities during deformation at either solid 
fraction. In Fig. 5b,c, most grains translate or rotate by a different 
amount than their neighbours, indicating that the independent 
behaviour quantified in Fig. 4 extends to most grains in both 
specimens. Although the 64 and 73% solid samples exhibit a 
different stress-strain response (73% has a peak stress, 64% does 
not), the grain-level mechanisms are similar and the different 
macroscopic response is due to the amount of dilation required 
for grain rearrangement in the different initial solid fractions. 

Discussion 

Semi-solid-processing models often assume that the peak stress is 
associated with the breaking of welds^'^^'^^. The sample 
preparation procedure used here (192 h coarsening at 
'^'eutectic + 5 K) wiU have encouraged welded structures via 
coalescence ripening^ ^ yet all grains moved as independent 
bodies throughout the deformation. This work shows that bulk 
stress rising to a peak is caused by the work done in pushing grains 
apart during shear-induced dilation and in drawing menisci into 
the specimens. Other models predict that semi- solid compression 



is equivalent to the compression of a liquid-saturated sponge^'^^. 
Here, the opposite of densification has been measured, with 
interstitial fluid drawn into the entire specimen via closely-packed 
grains pushing themselves apart as they rearrange under 
compressive load. Future work needs to assess whether this 
behaviour is significantly altered by higher strain rates, different 
crystal morphologies and the availability of feed liquid. 

This in situ 3D grain -scale study has revealed that globular 
semi-solid metal microstructures from 64 to 93% solid all deform 
as near-cohesionless granular materials, despite containing tightly 
packed assembHes of soft partially cohesive grains. The shear- 
induced dilation of these structures leads to what seems to be a 
critical state of 62.4 ± 1.9% solid at 1 atm (as defined by critical 
state soil mechanics ^^), and can create casting defects by driving 
pore opening and/or crack propagation. 

Metliods 

Casting and globularisation. Al-(8-15)Cu (wt.%) alloys were melted, grain 
refined with 0.01% Al-5Ti-B, degassed and gravity die cast to produce an equiaxed 
dendritic micro structure of average grain diameter 160 |im. 010 mm cylindrical 
rods were machined fi'om the casting and given a semi- solid heat treatment for 
192 h at 5°C above the eutectic temperature to generate the large-scaled globular 
microstructures in Fig. 1. Masses and alloy compositions are given in 
Supplementary Tables 1 and 2. Details of the casting and the globularisation 
processes are given in the Supplementary Methods (subsections A and B). 



In situ experiments. Heating and loading were applied and measured by a 
bespoke furnace and tension-compression rig on the JEEP (112) beamline at the 
Diamond Light Source (UK). Specimens were placed in a boron nitride cylindrical 
cup with inner diameter = 8 mm, wall thickness = 1 mm and height = 10 mm and 
isothermally held at various solid fractions. Uniaxial compression was applied at 
constant ram speed of 5 and 1 |ims~ ^ per constant strain rates of 1 x 10~-^s~^ 
and 2 X 10~^s~ ^ using a BN-coated pyrophyllite ram during continuous in situ 
image capture. A 53-keV incident X-ray beam was used while rotating the speci- 
men at 15° s~^ and projected images were recorded every 1° with an exposure 
time of 33 ms, using a 500-|im-thick Lu:Ag:Ce scintillator and Phantom v7.3 
camera. The working field of view was 9.8 x 7.3 mm with 12.22 |im resolution. 
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Details of the in situ experiments are given in the Supplementary Methods (sub- 
section C). 



Image processing. A reconstruction algorithm based on the filtered back pro- 
jection method^^ was used to reconstruct the 3D volumes. All volumes were 
aligned within the same coordinate system using a normalized mutual information 
metric similarity measure. Grains were segmented using a region-growing 
thresholding method followed by a watershed algorithm (both commercially 
implemented), their centroids tracked using a diffusion method^^ and changes in 
their morphology (volume, surface area, shape) quantified using specific shape 
factors. Discrete grain translations were measured by centroid tracking, while 
rotation used a grain-based image correlation approach based on the highest 
normalized correlation coefficient. Quantification of internal and external porosity 
relied on Otsu-based thresholding. All volumes were processed using imaging 
packages Avizo (Visualization Science Group, France), ImageJ (US NIH, USA) and 
MATLAB 7.1 (The Mathworks, USA). A step-by-step illustration of the image 
processing is provided in the Supplementary Methods (subsection D, 
Supplementary Figs 8-15). 



References 

1. Vernede, S., Jarry, P. & Rappaz, M. A granular model of equiaxed mushy 
zones: formation of a coherent solid and localization of feeding. Acta Mater. 54, 
4023-4034 (2006). 

2. Rappaz, M., Drezet, J. M. & Gremaud, M. A new hot-tearing criterion. Metall. 
Mater. Trans. A 30, 449-455 (1999). 

3. Michel, J. C. & Suquet, P. The constitutive law of nonlinear viscous and porous 
materials. /. Mech. Phys. Solids 40, 783-812 (1992). 

4. Ludwig, O., Drezet, J.-M., Martin, C. & Suery, M. Rheological behavior of Al- 
Cu alloys during solidification constitutive modeling, experimental 
identification, and numerical study. Metall. Mater. Trans. A 36, 1525-1535 
(2005). 

5. Gourlay, C. M. & Dahle, A. K. Dilatant shear bands in solidifying metals. 
Nature 445, 70-73 (2007). 

6. Lesoult, G., Gandin, C. A. & Niane, N. T. Segregation during solidification 
with spongy deformation of the mushy zone. Acta Mater. 51, 5263-5283 
(2003). 

7. Zavaliangos, A. Modeling of the mechanical behavior of semisolid metallic 
alloys at high volume fractions of solid. Int. J. Mech. Sci. 40, 1029-1041 (1998). 

8. Flemings, M. C. Behavior of metal-alloys in the semisolid state. Metall. Mater. 
Trans. A 22, 957-981 (1991). 

9. Spencer, D. & Flemings, M. Rheological behavior of Sn-15 pet Pb in 
crystallization range. Metall. Trans. 3, 1925-1932 (1972). 

10. Fonseca, J., O'Sullivan, C., Nagira, T., Yasuda, H. & Gourlay, C. M. In situ 
study of granular micromechanics in semi-solid carbon steels. Acta Mater. 61, 
4169-4179 (2013). 

11. Rappaz, M., Jacot, A. & Boettinger, W. Last-stage solidification of alloys: 
theoretical model of dendrite- arm and grain coalescence. Metall. Mater. Trans. 
A 34, 467-479 (2003). 

12. Zabler, S. et al. Direct observation of particle flow in semi-solid alloys by 
synchrotron X-ray micro -radioscopy. Phys. Status Solidi A 207, 718-723 
(2010). 

13. Gourlay, C. M. et al. Granular deformation mechanisms in semi-solid alloys. 
Acta Mater. 59, 4933-4943 (2011). 

14. Limodin, N., Salvo, L., Suery, M. & DiMichiel, M. In situ investigation by X-ray 
tomography of the overall and local microstructural changes occurring during 
partial remelting of an Al-15.8 wt.% Cu alloy. Acta Mater. 55, 3177-3191 
(2007). 

15. Terzi, S. et al. In situ X-ray tomography observation of inhomogeneous 
deformation in semi-solid aluminium alloys. Scripta Mater. 61, 449-452 (2009). 

16. Farup, I., Drezet, J. M. & Rappaz, M. In situ observation of hot tearing 
formation in succinonitrile-acetone. Acta Mater. 49, 1261-1269 (2001). 

17. Phillion, A. B., Hamilton, R. W., Fuloria, D. & Rockett, P. In situ X-ray 
observation of semi- solid deformation and failure in Al-Cu alloys. Acta Mater. 
59, 1436-1444 (2011). 

18. Schofield, A. & Wroth, C. Critical State Soil Mechanics (McGraw-Hill, 1968). 

19. Hall, S. et al. Discrete and continuum analysis of localised deformation in sand 
using X-ray mu CT and volumetric digital image correlation. Geotechnique 60, 
315-322 (2010). 



20. Ando, E., Hall, S. A., Viggiani, G., Desrues, J. & Besuelle, P. Grain-scale 
experimental investigation of localised deformation in sand: a discrete particle 
tracking approach. Acta Geotech 7, 1-13 (2012). 

21. Mueth, D. M. et al. Signatures of granular microstructure in dense shear flows. 
Nature 406, 385-389 (2000). 

22. Muir Wood, D. Some observations of volumetric instabilities in soils. Int. }. 
Solids Struct. 39, 3429-3449 (2002). 

23. Fielding, E. J., Lundgren, P. R., Burgmann, R. & Funning, G. J. Shallow 
fault-zone dilatancy recovery after the 2003 Bam earthquake in Iran. Nature 
458, 64-68 (2009). 

24. Scott, D. R. Seismicity and stress rotation in a granular model of the brittle 
crust. Nature 381, 592-595 (1996). 

25. Kohlstedt, D. L. & Holtzman, B. K. Shearing melt out of the Earth: an 
experimentalist's perspective on the influence of deformation on melt 
extraction. Annu. Rev. Earth Planet. Sci. 37, 561-593 (2009). 

26. Smith, M. I., Besseling, R., Gates, M. E. & Bertola, V. Dilatancy in the flow and 
fracture of stretched colloidal suspensions. Nat. Commun. 1, 114 (2010). 

27. Brown, E. et al. Generality of shear thickening in dense suspensions. Nat. 
Mater. 9, 220-224 (2010). 

28. Lootens, D., van Damme, H., Hemar, Y. & Hebraud, P. Dilatant flow of 
concentrated suspensions of rough particles. Phys. Rev. Lett. 95, 268302 (2005). 

29. Favier, V. & Atkinson, H. V. Micromechanical modelling of the elastic- 
viscoplastic response of metallic alloys under rapid compression in the semi- 
solid state. Acta Mater. 59, 1271-1280 (2011). 

30. Martin, C. L., Braccini, M. & Suery, M. Rheological behavior of the mushy zone 
at small strains. Mater. Sci. Eng. A Struct. 325, 292-301 (2002). 

31. Takajo, S., Kaysser, W. A. & Petzow, G. Analysis of particle growth by 
coalescence during liquid phase sintering. Acta Metall. 32, 107-113 (1984). 

32. Sistaninia, M., Phillion, A. B., Drezet, J. M. & Rappaz, M. Simulation of semi- 
solid material mechanical behavior using a combined discrete/finite element 
method. Metall. Mater. Trans. A 42, 239-248 (2011). 

33. Titarenko, V., Titarenko, S., Withers, P. J., De Carlo, F. & Xiao, X. Improved 
tomographic reconstructions using adaptive time-dependent intensity 
normalization. /. Synchrotron. Radial 17, 689-699 (2010). 

34. Crocker, J. C. & Grier, D. G. Methods of digital video microscopy for colloidal 
studies. /. Colloid Interface Sci. 179, 298-310 (1996). 

Acknowledgements 

This work was carried out with the support of the Diamond Light Source at the JEEP 
(112) beamline under proposals EE6893-1 and EE6218-1. K.M.K. and C.M.G. thank 
Norsk Hydro ASA for financial support. K.M.K. and P.D.L. thank the facilities and 
support provided by the Manchester X-ray Imaging Facility and the Research Complex at 
Harwell, funded in part by the EPSRC (EP/I02249X/1). 

Author contributions 

C.M.G. and P.D.L. supervised the project, T.C. and R.C.A. modified the beamline for the 
experiments and K.M.K., R.C.A., P.D.L. and C.M.G. designed and acquired the experi- 
mental data. K.M.K. carried out the analysis and wrote the manuscript with C.M.G. and 
contributions from P.D.L. 

Additional information 

Supplementary Information accompanies this paper at http://www.nature.com/ 
naturecommunications 

Competing financial interests: The authors declare no competing financial interests. 

Reprints and permission information is available online at http://npg.nature.com/ 
reprintsandpermissions/ 

How to cite this article: Kareh, K. M. et al. Revealing the micromechanisms behind 
semi-solid metal deformation with time-resolved X-ray tomography. Nat. Commun. 
5:4464 doi: 10.1038/ncomms5464 (2014). 




This work is licensed under a Creative Commons Attribution 4.0 
International License. The images or other third party material in this 



article are included in the article's Creative Commons license, unless indicated otherwise 
in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. 
To view a copy of this license, visit http://creativecommons.Org/licenses/by/4.0/ 



NATURE COMMUNICATIONS | 5:4464 | DOI: 10.1038/ncomms5464 | www.nature.com/naturecommunications 

© 2014 Macmillan Publishers Limited. All rights reserved. 



7 



